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PRELIMINARY ANALYSIS OF PROBLEM OF DETERMINING EXPERIMENTAL
PERFORMANCE OF ATR-COOLED TURBINE
- METHODS FOR DETERMINING COOLING-ATR-FLOW CHARACTERISTICS

By Herman H. Ellerbrock, Jr.

’ SUMMARY

The problem of inveatligating alr-cooled turbine performance
is being anelyzed. Suggested methods of investlgeting and analyzing
data of such turbines so that performaence characteristios can be
obtained are belng developed. Such an evaluatlion of a turblne
requires knowledge of the flow characteristice of the cooling air
in the blade cooling-sir passages as the air proceeds from the
roots to the tlps of the blades. In the investigation of a tur-
bine, certaln data must therefore be obtalnéd and formulas devel-
oped to obtaln these flow characteristics.

The methods that are expected to permit the determination of
pressure, btemperature, and veloclity through the blade cooling-air
pessages from specific investigations that must be conducted are
presented. Formulas are suggested relating these charactexristics
to certain perameters. The formulas must be verified and the coef-
ficlents appearing thereln evaluated by Investigations of cooled
turbines. Discussions of work that leads to the recommended for-
mulas are glven in some cases.

INTRODUCTION

Because very little material lg aveilable on the methods of
Invegtigating eir-cooled turbines and analyzing the data obtained
to determine their performance characteristics, a study of such
methods is being made at the NACA Lewls leboratory. The current
formulas Tfor the heat-transfer aspects of the alr-cooled turbine,
which must be evaluated through investigation of the turbine, are
presented 1n reference 1.

UNCLASSIFIED
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The evelvation of the cooling and performance charscterigtics
of a turbine (and of an engine in which the turbine may be used)
with blades through which cooling alr is circulated requires knowl-
edge of the characteristics of the cooling aiy; that is, pressure,
temperature, and veloclty as the alr proceeds from the roots to the
tips of the blades. These characteristlics are required Iin the
determination of such factors as the heat flow, blade temperatures,
blade-to-cooling-air heat-transfer coefficients, end effective
cooling~air temperatures. These factors are discussed 1n refer-
ence 1, In addltion, the cooling-aslr characteristics are reguired
to evaluate the work of pumping the air through the blades and the
work required in the compressor to compress the alr to the preasure
reguired at the blade roots. The turbine-pumping work is usually
insufficient to ralse the alr pressure from atmospheric to that
required at the blade tip to permit the air to flow out of the blade
and mix with the combustlion gas stream. The air must consequently
be ralsed above atmospheric pressure at the blade root by some
means extermal to the turbine, for example, by the compressor. If
the required pressure is known, 1t 1s possible to determine the
bleedoff point on the compressor. In the investlgation of a tur-
bine, certain data must be obtalned and formulas developed sc that
evaluatlions of the type discussed can be made for various flight
conditions.

Formulas for determining the cooling-alr-flow characteristlcs
in the turbine-blade cooling-sir passages are suggested herein.
The formulas must be verlifled and the coefflcients appearing therein
evaluated by lnvestigation of cooled turbines. Discussions of work
that leads to the suggested formulas are given in some cases, so
that readers unfamlllar with the subJject may obtaln some background
knowledge. '

ANATYSIS OF FORMULAS FOR COOLING-AIR-FLOW CHARACTERISTICS
Mach Number 1n Blade Cocling-Alr Pamsage

An analysis of the cooling-alr flow through turbins blades based
on one-dimensional flow has been developed (reference 2). The work
in general is based on the analysils of Shapiro and Hawthorne (refer-
ence 3); the main additions of reference 2 to this work is the
evaluation of the generalized body force in the equations of refer-
ence 3 for the case of a rotating body and the method of numer-
lcally solving the equatlons. From this analysis, the variation of
Mach number of the ailr through the turbine-blade passage was deter-
mined as '
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(All symbols used herein are defined in appendix A.) The terms Ip,
Ir, end I, are Influence coefficients equal to
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For a constant-area passage Ag spanwise, the last term of equa-
tion (1) drops out.

In order to solve equation (1), the friction factor must be
known so that fo can be determined for any glven conditions,
Current theory is ilnadequate for determining f; for the condi-
tions of flow as they exist In the rotating-blade coolant passages;
therefore the equation for the frictlon facltor must be established
from investigations of turbines. The steps lnvolved are:

(1) Obtein measurements of pressures and temperatures in the
turbine-blade cooling-air passages; (2) use these data and equa-
tion (1) to calculate an average f; for the flow conditions

imposed; and (3) determine the empirical equation that applies to
these expexrimental values. The details are dlsoussed in the fol-
lowing sectlon.
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Method of Obtaining Friction Factor

In a typical turbine, pressures and temperatures of the cool-
ing air in the blade cooling-alr passage are difficult to measure.
I these pressures and temperature were measured along the blade
span, some of the numerical integratlon preocedure for solving
equation (1), which 1s subsequently discussed, would be eliminated;
but 1t 1s assumed that, except for speclal turbine rigs, the max-
Imum instrumentation in the blede passages is limited to thermo-
couples and pressure tubes at the blade roots and tips.

It is therefore assumed that date are obteined from measure-
ments at these positions such that the static and itofal pressures
and the static and total temperatures at these posltions are
avallable for a range of cooling-alr flows, a range of cooling-air
temperatures and pressures, and as wide o range as posslble of the
ratlio of average blade-wall temperature to average cooling-air
statlc temperature. From these pressures and btemperatures, the
velocitles and the Mach numbers at the blade root and tip are
calculated.

- When the cooling-air conditlons at the hlade tip for a given
flow and so forth sre known, equation (1) must be integrated step-
wise (using about five steps) from tip to root. A convenlent
mothod of numerical Integratlion 1s glven in reference 4. When the
cooling-alr Mach number and statlc temperature at the tip are
kmown, influence coefficlents can be caloulated fram equations (2)
to (4) or obtained fram tables in reference 2. If five steps of
the Integration process are used, y will then equal the values O,
0.2, 0.4, 0.6, 0.8, and 1,0, For the first step from y = 0 +to

¥ = 0.2, the area change dAa/dy of the air passage can be deter-
mined from the geometry. In equation (1) for the first step,

¥ = 0 and the values of T"; and A, are those at the tip. The

texm dT",/dy is determined from the equation (reference 2)

= = KT + Teop 2 Y - Feo, KTg o (5)

where
Hdbzo

K = (6)
Op,a¥a (L +7)

and wvhere
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A Holo/H1ly (H; becomes He if fins are used in blade passage.
See reference 1 for relation between H; and Hf.)

1o average oubtside perimeter of blade, (ft)

13 average inside perimetexr of blade, (£%)

H, average coefficient for convection heat transfer from com-

bustion gas to blades, (Btu/(sq £t)(°F)(sec))

Hy average coefficlent for convection heat transfer from blades
to cooling &ir based on blade-wall area and blade temper-~
atures, (Btu/(sq £t)(°F)(sec))

In the determination of daT",/dy from equation (5) for the
first step, y =0 and T"y 1is the value at the tip. The inves-
tlgation to get the heat-transfer date can be made at the same time
as the cooling-air-flow experiments so that H,, Hj, or Hp, and
Tg,e; Velues that are calculated as shovn by methods in refer-
ence 1, can be used in the foregoing equations.

All of the terms for solving equation (1) for dMy2/dy for
the first step from y =0 to ¥y = 0.2 are now known except the
friction factor fg, which 1s the term being sought. As subse-
quently dlscussed In greater detall, the friction factor is
expected to vary along the passage from tlp to root; however, the
formulas for the varlation cannot be obtained in turbine experi-
ments. With the type of instrumentation possible in turbines,
only an average value for the passage and a formula for expressing
this average value can be obteined. A valus for the average
friction factor for the entire passage from tip to root 1s conse-
quently assumed and inserted in equation (1), which 1s then solved
for dMgZ/dy for the first step.

The next step 1s to obtain the Mach number at ¥y = 0.8 from

‘maz
M%) 50,2 = (Ma®)yoo + 0.2 <TY->:;=0 (7)

When M, 1s known at y = 0.2, +the influence coefficlents are
determined again using thls Mach number, the area change from
¥y=0.2 to y=0.4 1is determined, Ag at y = 0.2 1s found,
and T", is calculated from the eguation (equation (40), refer-
ence 2)
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T, = Kb(Kly)+Kgy+Kg+Tg’e (8)
where
-Kl 1t *
K=6e (T a,b~Tg, e ¥2-K3) ()
wzbwa (1+2)
Kg = = (10)
J&Holy
wig (1+ N)(b+ry)  op,a wWPwg2 (L+A)%
K = . - (11)
JgHplo JgHo g

T"a h total temperature of cooling air relative to blade at root
? (obtained from measurements), OR

Ie p,a is based on the average statlic temperature of the
cooling alr obtailned from the measurements at blade root and tip,
Ky, Kp, and Kz remaln unchanged from tip to root, With T"g
known, ",/dy 1s calculated from equation (5). With these
values and the assumed value of friction factor, dMaZ/dy can
again be calculated for ¥ = 0.2 from equation (1). The detalled
procedure to follow untll the conditlons at the root are obtained
is explained In reference 2.

The values of cooling-alr condltions obtalned at the root by
the procedure described using the assumed value of average friction
factor are compared with the measured values. If these values
disagree, a new average frictlon factor is assumed until agreement
occurs. This friction factor then appllies to the test conditions.
This method is the only way known for evaluating fg Ifrom the
experiments. A direct solution of f from equation (1) as yeti
has not been cobtalned., The method given 1s less tedlous than 1%
appears becsuse 80 meny terms in the equations remein constant.

It shounld be pointed out that changes in fp do not appreclably
affect dMﬁz/dy. Small errors in data may consequently cause
large variatlons in the value of fq obtained from the experi-

ments in the manner described.

The rigorous method of solving equations (5), (6), and (8) to
(11) is to use local values cf the factors involved instead of
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average values at each polnt along the blade span considered. The
rigorous itreatment is described In reference 2 and comparison of
results of numerical examples using the rigorous and less-rigorous
methods are described therein. Little error results by the use of
average values,

Friction factors can thus be determined from an investigation
for the ranges of condltions that are described. An eguation must .
be determined that will represent these factors, or in other words,
correlate the results,

Frictlon~Factor Correlation

Before proceedling to a discussion of methods of correlating
the experimental friction factors for turblne-blade coolant passages,
a brief dlscussion of knowledge obtained on friction factors imside
pipes and other conflgurations is given. Such background knowledge
provides suggestlions for possible methods of determining an empir-
ical formula or data correlation from which the blade friction
factors can be determlined for conditions other than those investi-
gated.,

When fluld enters a tube, the flow pattern or veloclty profile
downstresm of the tube inlet contlnues to change as the fluid pro-
ceeds along the tube until, when the distence from the tube inlet
has become sufficlently great, about 50 tube diameters, the flow
pattern tende to stabllize, Downstream of this point the velocity
profile remalns unaltered, Upstream of the point where the veloc-
ity profile becomes fixed, the frictlon factor veries appreciably;
downstream of thls point, the frictlon factor is independent of the
digtance from the tube inlet. There 1s evidence that the point at
which the veloclty profile becomes fixed depends on the Reynolds
number of the flow, the initial turbulence in the air sitream
approaching the tube inlet, and the type of tube inlet.

The values of friction factor in the reglon with flixed wveloc-
ity profile, for either leminar or turbulent flow in this regilon,
have been established with great accuracy by meny investigators.
For the inlet region where the profile is varying, only scant data
are avallsble on the friction-factor varlstions along the pipe
length., Reference 5 glives a historical background on the subject
and reports further investigations. The results of referende 5
indicate that a great deal of work remains to be done before ade-
quate formulas for determining friction factors inm the tube inlet
ars obtained.
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For isothermal fully developed incompressible turbulent flow
in smooth pipes over & limited range of Reynolds numbers from
5000 to 200,000, the followlng equation well represents the great
amount of date that has been accumulated (reference 6, p. 119):

_ 0.046

- (12)
With the use of the eguatlona for veloclty distribution with fully
developed turbulent flow, von Kdrméin (reference 7) predicts the
following relation between £y and Re for smooth pipes:

,\/_4,1f= = - 0.8 + 2 logjq Re 4fg (13)
= .

which fits the experimental date for frlotion in smooth plpes and
1ls recommended for extrapolation to high values of Re.

For isothermal leminar or streamline flow in & stralght cir-
cular plrs for fully developed laminar veloclity profile, the pres-
sure drop due to friction 1ls given by Polseulle's law from which
the friction factor becomes

£o = 52 (14)
In equations (12) to (14), the Reynolds number is
Re = £¥2 (15)
"
and the frioction factor is deflned as
Ap
f D
P o= 2. (18)
0 % p? 41,

which definition gives an "apparent” friction factor. (For details,
see reference 5.)

The foregolng discussion of correlation formulas for plpes
has been for isothermal flow. In accordance with reference 6, for
the case of heating or cooling inside plpes the viscosity term in
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Re should be based on a special temperature and then the same
formulas for £ in isothermal flow cen be used for nonisothermal
flow. For Re below 2100, this temperature is

T = average statlc temperature of fluld +

sverage surface temperature of pipe _
4

average statlic temperature of fluld (17)
4

Above a Re of 2100, the same formulae 1is used except that the
constant 4 1s changed to 2.

In an Investigatlon on heat transfer and flow in plpes with
very high surface temperatures (reference 8), there is evidence
that both p and p should be based on the pipe surface tempera-
ture for sstisfactory correlatlion of the friction factor. This
phenomenon 1s similar to that occurring in the correlation of the
heat-transfer coefficlents discussed in reference 1, In additlon,
from reference 8 it is evident that p i1n the definitlon of Iy

(equation (16)) should be based on the pipe-surface conditions.
Some analysis of the data of reference 2 on flow 1n pipes with
ratlios of surface temperature to stream temperature ranging in
some cases hlgher than 2 agaln showed evldence that for correla-
tlon purposes both p and u 1in Reynolds number should be based
on surface temperature., The analysis is quite incomplete and is
only reported as a guids.

As In the case of Reynolds number determination for heat-
transfer coefficients (reference 1), if the passage 1s of non-
circular cross sectlon the hydraullc diameter of the passage Dy
is used as the dlmengion D in the Reynolds number for eval-
vating fo. The hydraullc diameter is equal to four times the
cross-sectlional area of the passage dlvided by the wetied per-
imeter (fig. 1). '

For tubes of annuler crosa section, the hydraulic diameter
1s equal to the dilameter of the outer pipe minus the dismeter of
the 1nrner plipe. Over a wlde range of Reynolds numbers with fully
developed bturbulent veloclty profile with such cross sections, a
formule similar to equation (12) is- applicable, the exponent of
the Reynolds number being 0.2 as in equation (12), For tubes of
annular cross section, a wide dissimilarity of results exlsts,
however, for the value of the constant in equation (12). In
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reference 6 (p. 123) the circular-pipe value of 0,046 is used and
in reference 10 & sllightly lower value of 0.044 is suggested. In
references 1l and 12 a much higher value 1ls advocated. In refer-
ence ll, for instance, it was determined from data that the value
0.046 of circular plpes should be lncreased by multiplying by the
factor .

tt = —— (18)

where { equals a function of the pipe diameters that is given

in reference 1l as
D D_\2
o o]
2hg——-<—> + 1
°Dy \ Dy

= = (19)
$UDE LT, D
D; "D, " “D; Be T,
vwhere
D, diameter of outside pipe

D; diameter of inside pipe

Many of the methods of friction-factor correlation in the
foregoing discussion can be applied to turbine-blade coolant
passages, In practice 1t 1s expected, for instance, that the pas-
sages will always be noncircular, verying from spproximately the
blade shape for a hollow thin-walled blade to an ammuler sectlon
for the case of a hollow blade with an insert. The treatment of
such ghapes and status of correlating friction-factor data for
them were consequently brought out In the foregoing discussion.
The turbine-blade cooling-alr passages can be expected to have
inlet shapes at the blade root varying from turbine to turbine and
different length-to-dlameter ratios. The lengbth-to-dlemeter ratios
will probebly in most cases be less than that required to set up
a fixed veloclty profile. It can therefore be expected that the
friction factor will vary along the passage and that the average
value for the bledes of one turbine may be quite different from
that of another turbine. The establighment of the laws or for-
mulas for evaluvating the friction factor gpanwise and &s & function
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of Reynolds number for wilde ranges of ratlo of blade temperature
to stream temperature, flow rate, and so forth would regquire a
vast amount of instrumentation In the passages. Such instrumenta-
tion would not only be impractical to install but would clutter up
the blade passages of commerciasl turbines in such & mapner as to
possibly make the measurements inaccurate, Such laws must conse-
quently be established on large turbine rigs with large blades.
Such a rig for air-cooled turbline-blasde research ls now beling fab-
ricated at the ILewis laboratory.

The average friction factors for a given blade configuration
determined by méthods given ln the previous sectlon from measured
datea at the blade root and tip reflect the effects of the inlet
shape, conditions upstream of the blade root, and the changing
veloclty profile as the alr proceeds through the blade, For the
purpose of & turbine experiment, it is recommended that, for cor-
relating purposes, these friction factors be plotted against the
values of a Reynclds number of the cooling-air flow. Whether the
date for all the experiments will correlate on one curve depends
in great measure on the method for calculating the Reynolds number
of the cooling-air flow. It is recommended as a first trial that
the Reynolds number be calculated In the same menner as glven in
reference 1l for evaluating the convection hesbt-transfer coefficient
from blade to cooling ailr, In reference 1, it is recommended that
the densgity and the viscosity 1n the Reynolds nwmber be based on
condltions at the blade surface. :

In calculating the velocity %o use in the Reynolds number,
vhich is the average relative stream veloclty Wy as brought out
In reference 1, the average density of the fluld stream in the '
cooling passeges of the blades is reguired. Thils density in turn
requires knowledge of the average static pressure and temperature
in the cooling passages. The methods of determining this pressure
and temperature are given in the following msection,

Frictlion~-factor data established and correlated as described
serve two purposes: Flrat, the data make possible the evaluation
of performence of the turbine on which they were established; and
second, the data provide a means of checking gemeral laws or for-
mulas established on large rigs. From these general formulas, it
should be possible to calculete the variation of friction factor
of the cooling passage.spanwise along the blade for specific con-
ditions and blade gecmetry of a given turbine, to integrate these
local friction factors to obtaln the average friction factor, and
then to compare them with the data obtained on the turbine as
described herein. '
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The basic equation (equation (1)) is based on one-dimensional
flow, as pointed out, and as a consequence has limitatlons. Some
effects, such as Coriolls effects, may invalidate the anslysis to
some extent but at present the equation is the best that is avall-
able. This equation 1s better than most equations that are
obtained for similer flow problems where importent assumptions are
mede that would cause great error in the results for conditions as
they exlat in a turbine.

Solutions for Flow Characteristlics

From measurements at the blade root and tip in the cooling-
air passage and the cooling-ailr flow, all characteristics, static
and total pressures, statlic and total temperatures, velocity, and
Mach number at each of these two positions, can be obtained. It
was assumed that such measurements would be made.

In the integration of equation (1) stepwise for the case
where with a certain assumed friction factor the calculated Mach
number at the root equaled the measursd Mach number, both total
tempersture and Mach number of the cooling alr at various sta-
tions, ¥y =1, 0.8, 0.6, 0,4, 0.2, and 0, become avallable.
Beceuse of the verification of experimental roct Mach number with
the assumed f,, these total temperatures and Mach numbers are
true values and can be used to calculate the other flow character-
istics at these stations,

When My and T, are known at each station, the static
temperature can be calculated from

T"
Ty = fl (20)
L4 2
e My

The ratio of speclfic heats 7, should be based on Ty. At low
Mach numbers, T", can be used. At high Mach numbers, T"q can
be used firast; then when Ty 1is calculated, a correction can be

made to y, and T, cen be recalculated.

The velocity at each station can be obtainsd from

Wa =4/Ma27agRaTa (21)
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The static pressure at each station can be calculated from a
combination of the perfect gas and continuilty equations, ox

_ VoRe Ty
Pa - Wa-A-a

Finally, the total pressure at each station is obtained from

(22)

s

mn 75_-1
1 =)

a

When average pressures, btemperatures, or veloclties are
required, 1t is best to plot the values at each station against
the distance from the root to the statlon involved, to integrate
the curve with a planimeter, and then to divide by the distancs
from root to tip. If the curves are practically straight lines,
such detall ie not required, but cases may occur where the var-
istion of a characteristic may be far from linear and errors
result by arithmetically averaging elther the root and tip meas-
ured values or the calculated station wvalues.

SUMMARY OF METHOD

The formulas for determining the cooling-ailr-flow character-
istics of an alr-cooled turblne are sumarized as follows.

The variation of the ocooling-air Mach nwmber in the passage
1s determined from equation (1) and the imfluence coefficilents
therein are determined using equations (2) to (4).

The last term of equation (1) 1s eliminated when a cooling
pasgage of constant cross section 1s considered. Inasmuch as
measursments are made at the root and the tip of the blade cooling-
air passage, the actual Mach number at thess polnts can be cal-
culated. Various averasge frictlon factors are assumed for equa-
tion (1) and the Mach number at the root is determined and compered
with the value caloulated from the pressure and temperature meas=-
wrements, The value of assumed friction factor that causes agree-
ment 1is the experimental value to use.
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In the integration of equation (1), about five steps are used,
et y=0, 0.2, 0.4, 0.6, 0.8, and 1.0. The change in area from
step to step is determined from the geometry of the blade and
dT", /Ay can be found from equation (5). At the tip, the T",
value to use in equation (1) is the measured value and y = O.

For y = 0.2 and so forth, equation (8) 1s used to determine T"a.

The procedure for determining dM, 2/ay for the various y posi-
tions is given in reference 2.

For isothermal turbulent flow in smooth pipes, the correlation
equation for the friction factor is given by equation (12) and for
laminar flow, by equation (14). The Reynolds number i1s defined by
eguation (15), density and viscosity being based on free-stream
temperature. The friction factor based on free-stream conditions
is defined by equation (16) and, as before, the density is based
on free-stream conditions, In the case of pipes where elther
heating or cooling is encountered, the viscoslty term 1n the
Reynolda number of the equation of laminar flow (equation (14)) is
baged on & temperature defined by equation (17). For a Reynolds
number greater than 2100, the constant 4 in equation (17) is
changed to. 2.

Scme references indicate thet for annular passages the constant
in equation (12) is much higher than 0.046 and should be increased
by multiplying by the factor ' defined by equation (18). The
factor | appearing in equation (18) is defined by equation (18).

As discussed in the analysis, there 1s evldence that the
friction-factor data cen only be correlated by basing the viscosliy
and the density on blade-surface temperatures rather than the free-
stream statlc conditions when the ratio of surface temperature to
stream temperature 1s much different from 1.

When the Mach number .at the root hes been calculated through
use of equatlon (1) and eguals the measured Mach number, the total
temperatures and Mach numbers at the various y positions chosen
are known. With these known factors and by means of equations (20)
to (23), the other flow conditions at these positions can be
calculated.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohio.
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APPENDIX - SYMBOLS
The following symbols are used in this report:
crosg~-sectlonal area, sq It
blade helght or span, £t
specific heat at constant pressure, Btu/(lb)(°F)
dlameter, £t
hydraulic diameter 4A/1, £t

apparent friction facotor based on stream condlitions outside
boundary layer (See equation (16).)

ratlo of gravitational force to absolute unit of mass,
1b /slug, or acceleration due to gravity, £t /secz

average comnvectlion heat-transfer coefflcilent,
Btu/(sq £%)(OF) (sec)

7. =1
- 2M,% (1 r 5 Maz>
influence coefficlent,
1-M,2
Y-l
influence coefficlent,
1-M, 2

Maz (l+7aMaz)<1 + -78'7-1-: Maz)
1-M,2
mechanical equivalent of heat, 778.3 fi-1b/Btu
L (T y-Tg;0KpKs)
B bl

cp,awa(1+ A)

influence coefficlent,
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mzbwa (L+A)
T e T,
wzwa (1 + ) (b+ry,) °y.a wzwaz (l+?\)2
JgHol, JeE 21,7

pipe length, Tt

perimeter, It

Mach number

static pressure, lb/sq £t absolute

total pressure relative to moving blade, 1b/sq £t
friction pressure drop, lb(force)/sq £t

gas constant, £t-1b/(1b)(°F)

Reynolds number (See equation (15).)

radlus, £t

static temperature, °R

total temperature relative to moving blade, °R
absolute velocity, £t /sec

velocity relative to moving blade, £t /sec
welght flow, 1b/sec

Tp~Tx
b

ratio of specific heats

1
E';z‘l (H; becomes Hp If fins are used in blade
Hil3 " See reference 1 for relation between Hy

absolute

pagsage.
and Hp.)
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n absolute viscosity, alugs/(sec)(ft)
p density, slugs/cu £t
4 function of pipe diameter (See eguation (19).)
Do
'51' +
¢ p
-D—i' + 1
© angular veloclty, radians/sec
Subscripts:
0 stream conditlons outside of boundary layer
& cocling gir
e effective, used with symbol for temperature and denotes tem-~
perature effecting heat transfer
£ finmned blades, or friction
g combustion gas
blade root
i inside
o outside
T blade tip
x polnt along blade span

Flgure 1 shows the dimensions of a hollow blade as used in this
analysis,
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{a} Elevation of hollow blade.
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Inside
perimeter, 1;

Qutside
[perlmeter, 1o

Cooling—air cross-—
sectional flow area, A;

{b) Cross section of
typical hollow blade.
NACA

- Sketches showing dimensions of typical hollow air-
cooled turbine blade.
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